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REVIEW QF AN INVESTIGATION OF CERAMIC COATINGS FOR METALLIC TURBINE PARIS
AWD OTHER HIGH-TEMPERATURE APPLICATIORS

By W. N. Harrison, D. G. Moors, and J. C. Richmond
SUMMARY

This investigation wae undertaken in an effort to develop ceramic
coetings ‘that wlll prolcng the 1ife of alloys used in turbines, especial—
1y the bladss, or permit their uss &t higher teupsrsaiures than would

otherwise be practiceblse. In order to estabhlish vhether or not proitective
coatings can be developed that will effect such improvement, the Tollowirg

steps were talken: Refraciory frits of high thormal expansivity were de—
signed end smelted, varicus refractory admixtures vwere incorporated in
dlfferent amounts, and the coatings were applied and Tired at different
temperatiree on several alloys supplied for the work through the NACA.

Coated specimens were heated at high tempsratures in air without

load, and evaluation for further study was made on the bhasis of adherence,

resisbance to flaking, protection of the alloys againet oxidation as In—
dieated by increase in wolght, and resistance of the coatings to deterio—

ration as indlceted by perlodic microscopic sxewmination. High—~temperature

treatments were also made under load in aiy, and in Gxyzen and steam.
Scme trestments consisted of prclonged application of load at high tem—
peratures followed by tensile tests at room tnmperature or &t high tem—
perature. In same cases stress-rupiure teste were mads. In addition,

greutly accelerated test conditions at high temperatures withcut load were

achlsved through the use of highly corrosive atmospherss, K-S being no—
tably effective. :

These studies hsve so far led to the selsction of sevsral prcmising
frite from over & hundred that were prepared and several prcomising coat—
ings from numercus ones prepared by various refractcry mill additions +to
these frits. It was found that sume of the coatings will withstand 5C0
hours in air at 1500° F with 1ittle visibie change, while serving to
eliminate or greatly reduce the oxidation that occurred on uncoasted al—
loys, which received the same trestmert. The high—temperature load tests
indicated that, at loads sufficiently low to permit a 1ife of the alloy
heyond 600 houra , same of the coatings had a significantly bencficial
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effect. It was also found that some of the coatings permitted alloys
S-816 and S~590 Ho retain spproximetely their “initial O.2-psrceut offset
yield value under conditions that almost completely corroded ths uncoated
alloys, nsmely, heating in an HzS atmosphere at 1350° ¥ for prolonged
pexrlods. :

The microscopic exeminatlon of trested spscimens indlcated the lm-
portansze of working toward the ellimination of pcres or other discontinui—
tles in the coatings, some of which are connected with the evolution of
gas at the gurface of the alloys while the coatilngs are belng fired.

INTRODUCTION

During 1942, a sbtudy was begun at the National Burean of Stendards
to develop & ceremic ccating thet could re used to proteot ordinary stesl
exhaust stacke which opesrate at tenperatures up to & red hest and are
subject to gquick heating snd soumetimes to sudden coollng by rain or other
water. A thin ceramlic coating for steel of the SAE 1020 and similar types
to be used at temporatures up to 12500 F mst these drastic requirements
without significent damsde and "wes presented to the armed services in
Avgust 19537 Subseguently, following suiteble service tests, Army—Navy
asronautical specificatlions and Army Ordnsnce Department specifications
vere promulgated which called for the characteristics of this coating,
and it was used on the exhaust pipes of amphiblous trucks and also on
the exhaust otacks of several models of alrcreft. The succese of this
development-served as a foundation for.ilncreaged interest-in the develop—
ment of ¢eramic coatings for heat resisting allcoys.

In May 1944, under the sponsorship and with the financial assisbance
of the Naticnal Advisory Committee for Aeromautics, the design, construc~
tion, and asgembly of egquipment to be used in development work on ccatings
for turbizne blades and similar uses was begun at the National Bursauw of
Standarde. %The present report gives, in brief suwmery form, the progross
of the investigation through December 1945. )

= DESCRIPTION GF EQUIPMENT

Preparation and Application of Coatings

Gas—fired pot furnances suitable for crucible batckes cf 2000 to
3000 grems were used for smelting sll the frite., A gas-fired rotary fur—
nace for Mabtehes of 35 to 50 pounds was used to smelt larger quantities
of the frits selected for the more extensive tests, BSmelting temperatures
wore controlled manually wlth the aid of an optical pyrumeter.
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One-gallon jar mills and five-gallon bgll mills, as needed, were used
for grinding the coatings. A laboratory-typé sand-blast cabinet was used
for clegning the slloys prior to application of the ccatings. This equip-
ment was opsrated with an air pressure of 30 psi, the blasting medium be-
ing 60 mesh glass sand. The coatings were usually applied by sprayinge
An electrically heated drier with forced warm~sir circulstion was used
for drving the coatings after spraying. An electric furnace wes used for
firing the specimens, which were suspended from a nickel-chromium rack for
the purpese, and a recorder-controller was used to maintain the furnacs )
at the desired temperatures. - ' )

Testing of Frits

A Fizeau-Pulfrich interferometer (see reference 1} was used for deter-
mination of the thermal expans‘on and softening point of the frits and
coatings. _

Fusion blocks were used to study the flew characteristics or refrace
toriness of the varicus frits, A description of the method and equipment
is given in a publication of the Natlonal Bu”eau of Standards (reference

2). . -

Treatment of Specimens

Equipment for heating specimens in air without load.- The furnace
used for long~time heatling in. gir without Ioad was electrically héated.
A recorder~controller was used for obtaining constant temperetures within
the range 1000° to 2200° F. The dimensions of the specimens subjected to
this treatment were approximately 0,05 by 0.8 by 2 1nches, es shown in
figure 1(a). ' , -

Equipmont for treating specimens at high-temperature under load.-
8ix resistencs~type tube furnaces with individual tenperature controllers
were used. Temperature distribution over the gage length of the specimen
was regulated by three variable transformers connected with separate. sec-—
tions of the furnece winding. Tempsrature measurements of the specimen
were made by means of two thermecouples, one at the shoulder above the
neck and one at the shoulder below. The two wires of esch thermocouple
were spot welded to opposite sides of the specimen. The temperature of
each specimen as indicated by these thermocouples was held constent
during the test to within +5% F. The specimens were 20 inches long tc
permit gripping outside the furnaces (see fig, 1(c)). Figure 2 shows
the furnaces and perts or the lever system for appliying controlled 1oads
to the specimens while hagted., .
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Equipment for controlled—~atmosphere tests.— Two resistdance—type
vitrecus- silica~tube furnaces were used for controlledratmosphere heat—
ing tes®ts. The inside dlameter of the fused silica tube was 2 inches
and e platinum hanger was 80 arranged that eight tenslle specimens 0.05
by 0.8 by 9.0 inchos (see fig 3 could be suspended in parallel for
toat.

Tight fitting Pyrex glass end—caps wlth appropriate flttings were
sealed to the cool ends of the impervious silica tube. During testing,
ges was fed into the furnsces from storage tanks, ‘the rate of flow being
regulated by means of a pressure reducer end needle valve. The tem—
perature lnside each furnace tube was automatically contreolled and re—
ocorded with the ald of a platinum, platinum-10-percent—rhodium thermo—
couple inserted through e sealed Joint at the top of the furnace,

Examinstion and Testing of Treated Specimens

The room—-temperature tensile properties of tfeated-speoiméns wer'e
determined cn a Rishle pondulum-—vype, hydraulically orerated testing

machine, equipped with an autcmatic strese—atrain recorder. The specimen

wes stretched at & rate of approximately 0.C3 inch per minute until O.h—
to 0.6~percent elongation had occurred in the 2-inch gage length, after
whick the rate wes increased to 0.1 inch per minute untll fallure.

Tenslle tests at high temperatures were mads with a Southwark-—Tate--
Emery testing mdchine, used in commnectlcn with a furnace wound and con—
trolled similerly te those shown in Ligure 2. . .

A binoculer mlcroscope with megnifications up to 120X and a petro—

graphiz microscope, arranged for oblique 1lluminaticn so as to function es

a metallurglcal microséope, were used for examination of the specimens.
Photomiorographs of selected specimens were made with the petrographic
micrcscopa, .

EXPERIMENTAL PROCEDURE AND RESULTS
Formuletlon .of Frits
Frite ars the glassy constituents of the carawic coatings and zct

as binders for the more refractory ccmstituents. In' order to produce
coatings that would adhers to the high—oxpsnsion alloys snd at the same

time withstand the high cperating temperatures, it was necessary to devel~
op speclal frits with higher ccoefficients of thormal expansion end greater

refractoriness than those ordinarily used in enameling cperations, The
difficulty in acccmplishing these two modifications in propertiies simui—
tanecusly lies in the fact that, as e general rule, the changes in
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compcsition that contribute to the one detract from the othsr. Neverthe—
less, by departure from convenbional ccompositions it was possible to
change both properties in ths desired. direction.

The four basic friits used as original points of deperture in this
dsvelopment were (1) frit 11, a typical "bard" commercial~type ground-cosb
frit, (2) frit 206, a comuercial—type growni—cost Prit that wes very re—
fracteoxy, bubt low in thermel expansivity, and (3) end (4) two special
frits, 98 and 104, cutside the ccmmercial rarge.

The refractoriness wes increaced by meking systematic additions of
titania, silica, and feldspar, and by making substitutions of alumina
and fluorspar for soda in the bage composition, The oxpansivity of the
refractory frits developsd by these methode was incressed by substiltuting
lead cxide for borlc oxide and titania for slilica. The computatiocn of
chemicel compositions of the smeited frite from the raw baitches was sup—
plemented by chemical analysis; for which the Improvement of exleting
metheds wag involved for several constituents in these meny-component’
gystems, lMove then 100 different compesitions of frite have been emelted.

Selected frite were tested Tor therms) expanslon with the interfer-
cmeter (refe.ceﬂ.ce 1) and for refractoriness with fusior blocks (reference
2). These two tests served as s bosis for further salection, the most
promising frits belng given further test by trials in actual coatings,
with varying kinds end amounts of other comstituents. Four of the frits
selected for more exhaustive tests, with varilous admixtures to form coat—
ings, were 228, 256, 261, and 269.

Formulation and Application of Coatings

The formulatlon of coatings consisted essentislly of blending the
specially developed frits with varying refractory ceramic admixtures.
Other mill additions besides the refrectcry aimixtures wsre T
clay, weter, and electrolyte. The time of grinding was conirolled to
govern the average particle sgize.

Among the ceramic admixtures tried were slumina, chromium oxide,
cobalt oxide, mangenese dioxide, nickel oxide, magnesium oxide, calcium
sllicate, calcium chromate, and calcium fluoride. The first three of
these, singly and in combination, gave most promise; most of the others
gave coatings having some chasracteristice that msde them undesirsble,
such as lack of chemical stebility, water sclubility in the bell mtll ing,
Or reaction with the base metal.

All coatings, after ball milling to the proper fineness, were applied
by spraying to thicknesses of 0.001 to 0,004 inch onto the clesned alloy
surface, After spraying, the coating was dried at 230° ¥, after which it
wad fired.
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The alloys to which the coatings were applied more extenslvely are
inclnded in the following list: 19-9DL, Incomel, 2520, 2520 + 2fsi,
18-85T4, 8816, S-590, and 18-8 type 304. .

Almrinumoxide admixture.— Approximately 140 coatings were prepared
with variouvs grades of alvminum oxide as the principal refractory admix—
ture. Forty different frite were used in this group of coatings, and the
amour.t of alumine added varied from 20 to 60 percent of the total woight

of frit piue aluwmina. 7The firing temperstures ranged frem 1550° to 2300°F,

depending botk on the refractoriness of the coating end the degree of vit—
rificaticn sought In the ceramic coating.

Anmong the most promising coatings with alumina as the chlef admixturo
were the follcwing:

-

~Alumlina
content
Coating Frit {percent)
Li-RA 261 - )
I~4hA 261 : 35
I~6A 228 25

Comhinations of alumina with other cxides aleo gave several pranmlsing
coatings. OF the 66 coatings of this type, composition L-HAC was amcng
the mcet promisizg- This coating ls an slumlna — édhromio—oxide combina—
tion conteining 70 percent frit 261, 20 percent A-1 alumina, and 10 per—
cent chromic oxide. -

Chromic—oxide admixture.— In a series of coatlings using commercilally
pure chremic oxide with frite 228, 256, 261, and 269, two ccatings were
selected as among the most promising Thease were A-305 and I~7C, both
of which contained 30 percent CrzOz, +the A~305 using frit 269, end the
I~7C, frit 228.

Cobslit~oxide admixture.— Although cobalt oxide is iess refractory
than Als05; or Crz0x, it was used in a series of coatings with frits 228,
261, 256, and 269, These coatings were found to be outstonding in their
resistarce to chipping during long—time heating tests in air. The follow-
ing are examples of these coatings:

Cotalt~ . . -

S oxide content
Coating . Frit __{persent)
A-205 228 : 50
A-189 261 50

A-309 269 50

i it ";:':
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Higb-Temperature Treatment in Air without Load

In the development work on coastings, it wes found that the majority
of the coetings when first prepared had & good appearancs and gave gcod
ccverage of the metel. Vhen these cogtings were heated for long pe“icds,
however, at a temperature of 1500° F, many of theu changed considersbly in
appearsnze end scme evenitually flaked off the alloy. A trestment of 500
houre at this temperaturse in air was found sufficient tc give an indicatlion
of which coatings should be chosen for more exhaustive study. The test
was made in sn electric furnsce and the epecimens subjected to these tests
(gee fig. 1{a)) were removed and allowed to cool each 24 hours so that
thermal gradienta would accentuate any tendencies of the coatings to chilp
or fialte off . _

Inspection of specimens, which wes made periodically, coasisted of an
examinaticn bazed on (a) freedom from chipping, (b) changes in appearance,
(c) changes in microstructure of the coatings, and (d) changes in wsight.
Any specimen on which the coeting had chlppsed apprecigbiy when lnspected
wes wlthdrewn from the test wlithout further treatment. The other  changes
were noted, tut did not nscessarily eliminate the ccating from further
consideration.

During +he 500 hours of heating there were considerable changes in
micrcstructure of some of the coatinge, whereas othere showed little or
no change. Photomicrographs of the same field on seiected specimens wsre
taken at 120 magnification before +reatumsnt and after 200 and 500 hours,
respectively. Figure 3 shows three such views of coating I—6A on alioy’
5-590, which is an example of a typs of coating that showed considerabls
deterioration during heating in air at 150C° F., Figurs L is a seriocs of
photomicrograrhs of coating A—309 sppiled on alloy S-816, which is an
example of a coatlng type that showed no apprecisbls chenge in the micro—
structure during the S00-hour heating treatment in sir. The only vislble
change that occurred with thils specimen wes & small desrease in glossiness
from a siighuly gilossy original condition. Figure 5 reprssents coating
I-FACas applied on sllioy S—816 and illvstrates the unusual property of
gelf—sealing of discontinuities Thet were inltially present. '

For the speclmens that did not undergo apprecilablie chipping and con~
sequent vitiation of the significance of the results, a comparison of the
galns in welgnt of uncoated speclmens snd the data obtained by weighing
the coated apsoimens before snd pericdiczlly during the heating Lests
indicated the degree of protection afforded the alloys against oxidation.
Figure 6 shows change—in—weight curves of the seven uncoated ailoys in—
cluéed in +he latest test. Figure T shows similar curves of two specimens
having coating L—4A fired to different stages cf vitrifisation and an vn—
coated specimen of alioy S-590. The average thickness of the 1L—UA coatings
was approximately 1 mil while that of the scale or oxide Pilm on the bare
alloy was about 0,3 mil, The adventage of the ‘more vitrified (less porous)
coating is demonstratved in this figure. e
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The heating tests at 150° F in air in ell cases indicated the impor-
tance of the thermsl expansion of the slloy in relstion to that of the
coating:- The coatings that had a tendency to chip invariably chippe¢ first
on the alloys with high thermal expsusivity. The alloys showing the great—
est tendency to produce chlpping in the coatings were 19-9DL, 2520, and
18-8, while those of lower expension that did not cause the same Aiffi—
culties from chipping were Inconel; S-59%0, and S-816.

High-Temperature Treatment under losd in Various Atmcspheres

Sevoral combinations of condibtions and test methods wore tried in a
search for those that wounld yleld maximun Information in the shortest
test pericd. Expsriments confirmoed that the heat trestment which the _ .
metal recelved during the costing process hed a distinct effect on the o
tenslle properties cf the metal, as shown in tgbles I and IL. For each
specimen coated and btested, therefors, an uncoated specimen was given as
nearly ldentical hsat treutment as possible. The uncoated companion specl-—
men was treated in the sawe manner and at the same time as the coated epsci—
men. .

The metal 19-9-Di. was usod in the earlier tests, upon recommendation
of the NACA., The initial prccedure was 4o hold each speciman for a given
perlod of time at a constsnt temperature, under constant load, after which
the specimen was removed from the furnace and broken in tension at 1350° F.

The results of a seriles of_such tests on coated and uncoated specimens
of alloy19-9-DL are given in tuble I. DProbably the moat striking difference
between the coated and uncoated specimens is indicated In the last column
of the table, which evaluates a phenomsnon deslgnated as & sew—tooth effect.
This differsnce is illustrated in figure 8. The appearsnce of tHheseo specl-—
mens sugrests that an intergrenular corrosion mey-have occurred on the unm—
coated specimens bub that it was prevenited or reterded on the coated speci-
mens. In every case, coated specimens in tsble I received sn "A" rating,
indicating a virtual absence of the saw—tooth effect. The ratings for the
uncoated specimens varied from "B" to “DY, the rating eppearing to be af-
focted tO sume extent by the firing treatment to which the specimen had
been subjected prior to the high—temperature long—tims lcading. Unfired o
specimens end those firsd at 1650° T recalved, in general, poorer ratings i
than those fired at highdr temperatures. The data in table I all apply
to oniy one alloy, however, and, teken in commection with other data,
are not considered conclusive,

t was thought that stress-rupture tests migint bring out the effect
cf the coatings but, since the equipment shown in figurs 2 was not suit— v
eble fcr such tests with most alioys, it was necsssary to use an alloy
which wowid fall with little elongation, and the 2520 alloy was seiected.,
By refersnce to table IIT and figure 9 it can be seen thet, in air, the
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coated specimens broke somewhat sooner abt the high loads, but for the
stress range within which the alloy might be used, this relatlon was re—
versed. A "knee" in the stress—rupture curve for the uncoated matal ooc—
curred at 168 hours, while for the coated specimens none had occurred up
to 672 hours. The values for the I-6A ccatings and the uncoated companion
specimerns are not compareble with those having coating I~7C as the firing
temperatures for applyling the coatings were different.

Stress—rupture tests in steam and oxygen were alsc mede. The results,
given in table III, indicate an advantage to the coated specimens under
the lcad conditicns so far tried. Additionsl data will be required, how—
ever, before definite conclusions can be drawn. -

High-Temperature Tredtment in Various Atmospheres without Losd

Tests madas to secure date on the rslative effectlveness of differsnt
coatings in protecting alloys heated in alr are time consuming. Coatings
that deteriorate or f£lake off may be discarded, but when the coatings do
not appreciably deterlorate in, for exsmple, 500 hours it is difficult to
evaluate the protection they offer if the alloys themselves are resistant
to deteriocration at high temperstures in air. In order to obieln a more
positive Indication of the effectiveness of the coatings in protecting
the alloys from the surrounding atmosphere, while at the same time reducing
the time required to obtain such data on each coating selected for testing,
it was decidel to treat some of the specimons in an gtmosphere that would
be bilghly corroaive to the uncoated alloys. ;

Preliiminary comparative tests were made of uncoated alloy specimens
at 1350° F in atmospheres of alr, oxygen, hydrogen, carbon monoxide, cer—
ben dloxlde, watér vepor, chlorine, sulfur dioxide, and hydrogen sulfide.
Of thege, the sulfur gssé€s were found to be more corrosive than any of
the others. Ivdrogen sulfide was consilderably more corrosive than sulfur
dioxide and was selected for use in most of these tests.

It was soon apparent that in an atmosphere of hydrogen sulfide abt
1350° F all the ceramic coatings tested afford some protection to the
metal. In table IV it can bhe seen that the crated specimens after Treat—
ment hed tensile properties superior to these of ths corresponding uncoated
specimens., This effect is conaplcuous when specimens 18186 and 18-2-87,
which were uncosted alloy S-816, are compared with coated sgecimens of
the same alloy itreated simultansously for 471 hours at 1350° F in H:S.

The uncoated specimens were completely corroded and specimens with coating
A-189 (18-1-85B and 18-2-85B) retained over Lslf of their initial strength.
The othor ¥wo pairs of specimens in this group, coated with T—2A and A-305,
rospectlvely, retained approximately thelr fuil inltial yleld valuve, as
car. be seen by comparison with valuos given in table II for specimens

18-1, 18-k, and 18-5. Unccated specimsns of alloy S—590 (19-90B and
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19-2-90B) were virtually corroded through in 189 hours of treatment. All
the coatsd specimens of S-590 treated simultansously in the same furnace
dld not decreasse in yleld valye, as msy be seen by comparison with the
values for specimens 19-i, 194, and 19-5 in table II. The heat trestment,
in facst, tended to give a moderate lncresse in yleid value accompanied by
a decrease in ultimate strength and a marked drop in elongation.

The fact that sealed coatings are more effeotive than porous ones is
Prought cut in bteble IV (specimens 18-3 to 18-6 end especilally 19-3 to
19-6). C(cating BSAC was known 4o be very porous, aad I~TC tightly sealed,
et least at the beginning of the treatment. The greater effsciivensss of
coating 1~7C in protecting the slloys is apparent from a comparison of
the tenslls properties of the specimens after treatment.

Figure 10 shcws the specimens of alloy S-£90, coeted and unocated,
that were trested in en atmoephere of HzS for 189 hours at 13502 F., At
the leoft are tne uncoated specimens which were almost correoded throughy
one ol them brcke of its own weight during the treatment. The coated
specimsns show lncreasing degrees of protection from left to right.

The attack through coatings A-189 and A—305 tocok the form of tuber—
cules, congisting probebly of sulfidees of the alloying elements, and these
are arparent in figure 10 as white specks. Very few of them, 1f any, are
visible on coating I—2A, The spscimens with coating A—305 shown in figure

11 offer & favorable opportunity for a study of the mechanism of the attack.

The locations of the tubercules on these specimsns correspond to the loca—
tions of discontinuities in the coating, which were visible under the
microscope befure the HzS treatment and vhich appeared to result from gas
evelution during firing of the costing. ¥Figure 11(a)} shows the eppsarance
of coating A~-305 at a magnificestion of 30X bafore the tubsrcules had be—
gun to form; 11(b) shows the esrly stages of tubercule formation and 11(c)
a mcre advanced stage. With continued trestment, growth of the nodules
continues., The selsctive attack cn the metal is illustrated in figures
12(a) and 12{b), which are photographs teken at 3CX after the ccating

was removed by sandblesting. Figurs 12(a) ccrresponds to 1i{a)}, and 12(b)
to 11(e). Figure 12(b) shows cavities resulting from seiective &tback
where discontinultiss occcurred in the coating. Figure 12(c), which is a
pactemicregraphn of costing I~2A as shown in figuwre-10, illuetrates the
appearance of a coating that-gave succossful protection of the alloy
egainst the attack Ly HS at 1350° F. Figure 12{c) should be contrastad
with figurs 11(c).

AFALYSIS AND DISCUSSION . : . -

The service conditions that turbine blades. are required to withstand
axre herdly subject to duplication in static letoratery tests. The geses
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driving the turbine in a Jet~propselled plane must te heterogensous and
doubtless have fiuctuating tendencies toward reducing or oxidizing condi—
tions at any glven locatlon in the system. The guestion of erosicn, due
to the high velocity of the gases relative to the twrbine blades and to
any solid matter thet may be carried in the gas streem, 1s ome which can
be sultably taken into account only by tests made under dynsmic corditicns.,
With respect to the tendency of the atmosphere toward oxidizing or reduc—
ing condliions, however, the treatments in oxygen aand in hydrogen suiphlds,
vwhich were used in this study, doubtiess include the extremes of the range
encountered in practice. It appears probaeble that ccatings which protect
the alloys well in these extreme atmospheres will also be effective In
any atmosphere encountered under service conditions. On the other hand,
it 1s not necessarily true that coatings which fall to give complete,
prolonged protection of the alloys at high temperaturss in atmospheres

of BE-S snd 0- willl also fall to do so unéer ssrvice conditlicms., The
advantage is that accelereted tests, & teim applicable especlelly to the
B-S treatmsnts, permit the testing of & number of coatings wlthin a res—
songble period of time. From the informetlicn thus gained and a due con~
sideration of the limiteffons of the accelsrated test methods, it is
believed that a basis will be afforded for selection of the comparatively
few coatings which will be practicablie to test in actnral turbine lnstal—
lations. The possibls value of insulating coatings that would permlt
higher gas temperatures without increesing the operating temperature of
the turbine blades is not to be overlooked. It is apparent that the
relative effectiveness of the coatings in protecting different alloys
varies from one alloy to snother. This fect emphasizes the importsnce

of including in this study the alloys most used and most promlsing Tor
future use in turbine bledes.

CONCIUDING REMARKS

Deta s~ far obtained indicate clearly that some ceramic coatings
provide a high dsgree of protectlon for high-—temperature alloys in a
strongly corrosive atmosphere at elevated temperatures. The change—in-—
wolght curvees lndicate that at least some coatings are capable of prevent-
ing or greatly retarding surface oxidation of the alloys in air at 15300 F
for at least 500 hours. Stress—rupture tests indicate that at loads low
enough to ensure a life of cver 600 hours for the unsoated alloy specimen,
some of the ceramic coatings add significently to the tlme required for
fallure. In sn atmosphere as corroslve as HgS several of the coatlings
tested provided such effective protection that alloys S—590 and £-816
retained approximately their initial 0.2-percent offset yield valuss in
high—temperature treatments which almost completely dilsintegrated uncoated
specimens.
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Test proceduvres have been established, ani indications whick have
been obtained ms to the ceauses of failure of the ceatings give pramise
. of substantial further progress in the development of protectivoe ceramic
coatings, :

Naticnal Bureaun of Stsndards, ’
Wasaington, D. C., January 22, 1Gh6,
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APPENDIX A

The following data concerning the thermal hlstory of certain alloys
used in this study were furunlshed by the manufacturcras:

"he 5590 and S-516 material was hot rolled at 2150,2200° F, “anneaied
25 minutes ‘at 2180° F, air cooled, sandhlasted, scrubbed, cold rolled one

pass, buckled and sheeared.

"The 2520 + 2% Si material was not rolled 2080/2100° F, snnesled
2150° F 10 minutes, and water quenched, sandblasted, scrubbed, cold rolled
one pass, buckled and sheared.

"A11 of the inconel was furnished as standard cold rolled, soft temper,
plain finish gquality. The melerial recelved the folliowing thermsl treat—
ment after final cold reduction:

(a) Soft annealed in natural gas fired contlnucus furnace for approxi-—
mately four (4) minutes at temperatures of 1850-1900° ¥

(b} Furnece cooled from annealing temperaturse to approximstely 3000 F
in eleven (il) minutes and then withdirawn to alxr; '

{¢) No solution treatment ror subsequent aging trestment was used."
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TABIE I.— RESULTS OF 172-HOUR TREATMENT AT 1350° F UNDER LOAD OF
5 KIPS TER SQUARE INCH, AND TENSIIE TESTS FOLICWING SUCH TREATMENT ON
COATED AND UNCOATED EPECIMENS OF ALIOY 19~9DL

Tensile gest ]
Elongation in | at 1350 F
lcad test  [(0.2-per-

Fired Over—|Bstween mavks |cent of f--| Saw—

" |Gage |5 min all total? set yileld | tooth

| Spec-{ Coat— | length® at Test | Lotal iper—|strength | rat—

imen |ing (in.}| (°F) no, {{(in.)| (in.)| cent)| (ksi) ings*
69 |{I~TC s 1650 310,285} ~=—|=-— 19,3 A
"6~B3 |{None h,5 | 1650 3150 | ——~|—~~——=} 18,3 c
6~1 |A-189f| 4.5 (31700 b | 19 | ~==| === 20,4 A
6-BL |None k.5 51700 b} 38| ——==] ——=~| 20,5 c
6~4 |1-9AC | k.5 185¢ 5 1.09 | —— = ==~ 21.7 A
6-B5 |Nons k.5 (81700 51 .19} ——~| ===} 21,6 D
6-B0 | -do--| 4.5 |Unfired| 6 | .25 | — = —| =~ (7) B
6-B8 | -do— { 4.5 1850 6 | 09 | —=~| =~~~ 21.7 ¢
6—29 |1-TC k.5 1650 7 | 451 0.b1 9,0. 19.9 A
6-TB |Nons 4.5 1650 T { .365| .2 7.2 19.0 ¢
6-20 |1-GAC | 4.5 1850 T ] .05 .03 .7 21.6 A
6—9B |lone L.,5 1850 7 | .055) (8) | ——~| 22,3 B
6~37 |[A-189 | 4.5 |B1700 8 | .28 .27 6.0 20,9 A
6—T0B | None 4,5 165C 8 | .232] .18 | k.0 20.9 D
6-16 |B-5AC | 4.5 1800 9 | .286{ .26 5.8 21.3 A
6—16B |None 4,5 1800 9 { .200] .19 k.2 21.1 B
6-23B| ~do~~ | 4.5 [Unfired| 10 | .432| (&) | = ——~| 20.% ¢
6-62B! -dowm| 2,25 l--do--- 10 | .345] (8) | —~—| p22.2 D
6-52 |I~9AC | 2.25 | 1850 11 | .019 Es) - - = 22.8 A
6-52B | None 2.25 | 1850 11 | .071 8) | -——=] 24,0 c
6~21B| —do— | 4.5 1650 i | 346 .30 6.7 21,5 D
€-60B| ~j0--| 2.25 | 1650 % 4 k6| L1 4.8 21.3 c

* Nominal length of the parallel sided neck between shoulders.

2 Marks were made at or near shoulders and include at least 1 in., more
than the nominal gage length. They were Placed in thie position to avoid
the poesibllity of obliteration by chipping of the coatings as a result
of siretching in the neck. The in./in. value is computed by dividing the
total elongation between marks by the nominal gege length (4 in.} on the
assumpticn that the stretch occurred there.

>Ultimate strengths are not given because » under the condltlons of
these tests at 1350° F, the values obtained for yield gtrength wers more
reliable.

4 Arbitrary rating in which A indicates virtual absence of maw—tooth
offect and D indicates severe saw—tooth effect (fig. 8).

5Fired 10 min.

SFired 7 min.

;Stress-strain graph continuously curved.

Marks not visible at end of tests.
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TABTE II.— RESUTIS OF TENSILE TESTS AT ROCM TEMPERATURE CN "AS RECEIVED"
AND ON FIRED BUT UNTREATED ALIOY SFECIMENS

. 0.2--per—
Fired cent off—{Ultimate Bion—
5 nin [Vickers {sot yleld|tensile |Eresking|gatlion
Speci- at |herdnese|strength |strengthistrengthlin 2 in.
men | Alloy (°F) no. {pei) (psi) (pei} |{percent)

6-1 15-9DL 2000 186 48,100 113,000 |108,700 L6
6-it 15-9DL 1650 ook 56 ,200 120,100 |116,800 3

65 1$-9DL - ——| 224 56,000 118,200 |116,500 3
8-1 '_'L'ncon_ejgl 2000 137 32,400 '91,T0C | 85,700 43L
84 @O | 1650 k2 36,800 Sk,000 | 89,000 Lig
85 | -—-do-—— |=——| 150 136,300 o4, 7c0 | 88,800 k13
12-1 | 2520 2000 | 168 |b&,700 96,200 | 92,100 L6
124 25—20 1650 ;68 46,200 97,400 | 92,90C Lol
12-5 25-20 ——-—| 160 |k7,600 95,400 | 86,500 50%

13-1 18-8sT1 2000 138 31,500 88,8c0 | 82,900 59%
13-4 18-8ST1 1650 12 36,200 89,700 | 83,700 57%

135 18-88T1" |- - —| 138 38,200 89,900 | 84,900 61
171 2520+2451% 2000 251  |40,300 93,800 | 86,200 64
174 2520+2%S1 | 1650 254 {45,300 oh,200 | 90,200 50%
17-5 2520+28S1 | — — —| 247 43,900 95,100 | 65,400 51
181 s-816% 2000 150 69,600 152,600 | 152,200 Ly
18-4 s-816 1650 148 75,100 146,300 | 146,300 21%
185 5816 - ==} 151 72,900 148,500 | 148,500 29
16-1 S-5901 2000 220 57,200 126,500 | 125,500 32%
194 | 859 1650 230 | 6L,200 125,200 | 125,200 23
19-5 5590 - —- 215 66,600 127,800 | 127,800 18

1See eppendix A for thermal history "as received.”
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TABLE IXXI.— RESULTS OF SOME STRESS-RUPTURE TESTS ON COATED AND

UNCOATED SPECIMENS OF ALIOY 2520 AT 1350° F

Tenslle Duration
i gtress of test
Specinen Coating (psi) Atmosphere {br)
12-1~3 None 8,000 Adr 620
121 — 1-7C 8,000 | —mmem 30— 672
12-2-8 None 10,000 | —mee- T — 309
122 1~7C 10,000 | —me—e [ S— 293
1238 None 12,000 | ——-e- do-—~ 168
123 I~7C 12,000 S P 124
12~4-B None 15,000 Y. P - 62
12-4 I~7C" 15,060 | —=——- dommmm g
12-8-8 None 8,000 | —--—- do~--— 805
'12-8 I~64 8,000 | -~--—- do—--- 850
12-9-B None 10,000 ——m—-dom——- 362
12-9 _ . .. I-6A 10,000 ISP P — 31
12-16-8 None 12,000 SR, S— 267 -
12-13 e O e 15,000 e O 89
12-10-3 S P — 8,000 02 555
12-10 1-6A 8,000 P 636
. 12~15-B None 8,000 Stean 785
12-15 . I-6A 8,000 Steen 963

g

caww

.

kil

g
liti
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TABIE IV.—
COATED AND UNCOATED SPEC
VARIOUS TIMES IN HYDROGEN

17

RESULTS OF TENSIIE TESTS AT ROOM TEMPERATURE ON
IMERS TREATED FOR
SULFIDE AT 1350° F

Tensile properties®
0.2—pexr—
Fired |Treat— | cent off— Elon—
5 min|ment gset yleld | Tenslle gation
at in HS value strengbh|in 2 in.

Specimen | Alloy' | Coating (°r) | (ax) (psi) (pel) |(percent)
18-3 §-816 |— — — —|1650 62k 59,400 109,200 ohy
18-k s-816 |I~TC 1650 6 80,400 131,900 8
185 S-816 |HSAC 2000 62 71,900 131,400 13
18-6 s-816 |- — — —|2000 6: 61,400 108,100 16
19-3 §-59¢ |— — — —|1650 625 44,900 80,000 T
194 S-590 | I~TC 1650 6 76,300 135,700 7
19-5 S-590 | HSAC 2000 62 58,100 110,300 11
19-6 §-590 |- — — —|2000 6 40,400 75,600 17
I7-7 2520+2%51| A—307 {1950 103 37,400 T, 200 12
17-8 0500+2%81| ~ — — —[1950 | 101 19,500 23,400 2%
17-9 2520+2%31] A-309 1750 101 10,000 82,000 15
17-10 o500+2%81| — — — —[1750 | 10 15,000 15,400 1
19-7 S-590 | A—-307 [1950 101 64,100 107,000 by
19-8 S50 | - — ——|1950 101 29,100 54,800 6
19-9 S-590 | A-309 |1750 101 76,400 120,900 b
19-10 S-590 |-~ — — {1750 101 32,900 62,100 9%
18-1-86B s-816 | I~2A-1 (1750 L7 68,000 109,700 6%
18-2-86 5816 |I~2Aa—2 [1750 | L4T1 70,400 | 120,900 ' 9§
18-1-85B s-816 | A-189-1 1700 471 47,000 63,500
18-2-8538 S-816 | A-189-2 {1700 Lh71 ik, 500 65,200 5
18—2-86B §-816 | £-305—1 |1700 L1 80,100 114,700 5
18-2-85 s-816 | A—305-2 (1700 471 72,900 108,700 3%
18-2-87 §-816 |————|1700 | 471 (3) (3) )
18-1-86 s-816 |- — — —[1800 71 (3) () (3)
19-90 8590 | I~2A-1 {1850 189 75,700 118,900 5%
19-2-9 §590 |I~2A-2 (1850 | 189 €5,700 | 114,800 5
19-2-97B §-590 | A-189-1|1700 189 6k, 700 109,000 3
19-91 S-590 | A-189-2 {1700 189 71,900 114,700 IS
19-2-60 S-590 | A-305-1 1700 189 72,500 118,800 2
19-2-96B S-590 | A—305-2 1700 189 70,800. | 119,400 3
19-90B 5590 |—=—=——|1700 | 189 (=) (®) (3)
19-2—90B 8590 | — — — —|1850 189 -—— 860 | —— - —

15ee appendix A for
2pgged on dimensions of sp

thermal history "as received.”
ecimens prior to treatment.

3 Specimen broke before testing.
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Figure 2.- Furneoces and lever systems for mpplying loade to 20-inch apecimens.
The pair at the left are operating with a steam atmosphere supplied .
by water dripping into a flask containing & filler of broken ceramic material ®
and heated with an electrio kot plate. The pair in the middle have an alr %

atmosphere, and the palr at the right are operating with an oxygen atmosphere
supplied from separate tanks provided with rsgulatorsa.




kL. * Figure 3.~ Photomicrographs at 120X of coating
.-‘iiﬂﬁ. L-8A on alloy 8-590. Note the deve-
2 lopment of discontinuities that did not init-
. 1 lally exist. This coating underwent consider-
j able deterioration during the first 200 hours

(e) After 500 hours.
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{a) Before starting treatment.
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Figurs 4,~ Photomicrographs at 120X of

- ooating A~-309 on salloy 8-816,
showing little or no change during 500
hours of heating in air at 15000F.
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(b) After 200 hours

Figure 5.- Photomlorographs at 120X of

coating L-5A0 on alloy 8-816,
showing a gradual healing of discontin-
ulties initially present as the speoci-
men was heated in air’ at 15CO0CF,

(c) After 500 hours,
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Figs. 6,7
180
18-8
(type 304) e L _
Chipping off-" ]
of qxide film
[y}
élac
[+
]
£
0 2530 Inconel
3 7 . ™
: = )
-l i Vs 8-580 /
g 60 r_,7/_’,_/ /
8-818
3 : = —
e 13520 + 27, \_19-6DL
F”' . silicon
s} 100 200 300 400 500

Time of heating in air at 1500°F, houra L
Figure 6.~ Graph showing gain in weighi, per unit surfece aTea, gf seven uncoated
alloys due to oxidation duzinsoheating in alr at 1500°F for 500 hours.,

The gain in weight of 18-8 alloy beyond 0 hours is not apparent because the oxidse
film flaked off in sufficient quantity to mask it.

120
8-580
{no coating)
m //7
g
& 60  —
= 8-590
- L-4A coated
g ' (poroug-low
ol fired)
~
: N\
P —
-y
% 0
_§ R 8-590 —
(5] L-4A coated
(vitreous—
high fired)
-60 - T . — - —
0 100 200 300 400 500

Time of heating in air at 1500°F, hours

Figure 7.- Graph showing oxidation of uncoated alloy 8-~580 in terms of gain in weight,
per unit surface area, when heated in air for 500 houre at 1500°F, and tha

inhibition of such oxidation when & porous coating or & sealed vitreous coating is
applied.
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Figure 8.- Coated (Q) and uncoated (U) specimens of 19-9 DL
elloy held under tensile gtress of 5,000 pounds
per square inch at 1350°F for 172 hours and subsequently
broken in & short-time. tension test at 1350°F (table I,
test 5). Note irregular silhouetts (saw-tooth effect) of
uncoated specimen resulting from widening of cracks pro-
duced in tenslon. . i
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O L=-7C coated 3530 alloy
O Uncoated 2530 alloy
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50 100 500
' Time tor rupture at 1350°F, hours

Figure 9.~ Stress—rupture curves for uncouted and L-7C coated specimens of

alloy 2520. Tests were made at 1350°F in air. Note that a "knee"
occurs &t 168 hours for the uncoated metal, but had not occurred for the
coated specimens up to 672 houras.



Figure 10,.~ Specimens of alloy B-580, ooatsd and ungaated, which have been treated in an

atmogphere of H,8 for 189 hours at 1350“F, The uncoated spooimens at the left
wers almost completely oorrdded, The other three palrs of speocimens havs threes different
coatioge as lndlcoated, single coet at the left and double coat at the right in each pair.
Attack through the coatlinge took the form of tubercules, which are apparsnt as light
specks in the photograph, Note the decreasing number ot guch tuberculss, indicating
improved protsotive aotion of the coofinges, from left to right.

0t 314

gBTT "oN KX YOVR




o

L
- . L

‘F:" '!Cﬁ ﬂ};éi; . {ﬁﬂ', I 1!\1" My Q'
" ﬂb 1‘3&? *~"..‘l ¥

R e e ey

ik

s

(a) Qondition of coating befors tubercules bad (b) Early stage of tubercule formation.
begun to form. Note disoontinulties in the
coating (probably caused largely by gas
evolution from the metal during the firing
process).

Figure 1l.- Photomicrographs at 30X, showing
development of tubercules. ATeas
gshown are from specimen with coating A-305
(see fig. 10), which was treated at 1350°F in
Ho8 for 189 hours. Locations of the tubercules
1 are controlled by the locatlons of the origl-
! nal discontinuities.

(o) advanced stage of tubercule formation.
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(a) No tubercules yet formed; cor
to figure 1lla.  corresponds

tubercules caused by attack of the
HoB atmosphere at 1350CF; corres-
ponds to figure llo.

Figure 12.- Photomioc.ographe at 30X, showing
appearsace of speclmens shown in
figure 11 after removal of ocoating by sand-

(c) 30X magnified view of éoating L-34 Dblasting.

(see fig. 10) which withstood
treatment with little or no form-
ation of tubercules, This photo-
micrograph should be contrasted
with figure llc, which is a mag-
nified view of ocoating A-305

(see fig. 10) after formation

of tubercules.
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